1.. Introduction {#s1}
================

Lithium-ion batteries (LIBs) are used as an environmentally friendly energy source for consumer electronics and electric vehicles because of their high-energy density \[[@RSOS180311C1]--[@RSOS180311C5]\]. Graphite is mainly a negative material for many commercial LIBs and can only provide a maximum theoretical specific capacity of 372 mA h g^−1^; therefore, the capacity of LIBs cannot satisfy high-energy needs \[[@RSOS180311C6],[@RSOS180311C7]\]. Silicon (Si) has received increasing attention as a new negative electrode material with high theoretical capacity (3579 mA h g^−1^) \[[@RSOS180311C8]\]. Also, silicon has a relatively low voltage plateau, and is non-toxic, inexpensive and abundantly available in nature \[[@RSOS180311C9]--[@RSOS180311C11]\].

However, Si generally has low electrical conductivity and a large volume change during the lithiation--delithiation process. The volume change can cause bulk Si to be pulverized and lose electrical contact with the current collector, and will also lead to instability of the solid electrolyte interphase (SEI), both of which can lead to fast capacity fading in the LIBs \[[@RSOS180311C12]--[@RSOS180311C14]\]. To avoid deterioration of reversible capacity, various nanostructured forms of silicon have been used (e.g. nanoparticles, nanowire and nanoporous structures) \[[@RSOS180311C15]--[@RSOS180311C17]\]. These nanostructures can remarkably improve the cycling performance of Si, largely because they can withstand a deep lithiation and delithiation process without cracking. Nevertheless, the nano-Si structure is expensive because of its costly preparation process and low tapping density. Meanwhile, nano-sized Si is easy to reunite because of its large surface area and surface energy, but is difficult to achieve during production in a large-scale application \[[@RSOS180311C18]\]. Compared with nano-sized silicon, micrometre-sized silicon is a good choice \[[@RSOS180311C19]--[@RSOS180311C21]\].

In addition to this strategy, surface coating on Si particles and Si--C composites has been attempted to enhance cycling performance. Carbon coatings can reduce volume expansion, increase electrical contact between Si particles and provide a more stable SEI structure \[[@RSOS180311C22]--[@RSOS180311C24]\]. Recently, doped carbon with heteroatoms (nitrogen, boron and sulfur) has attracted attention as a promising candidate as a conductive coating agent on electrode materials \[[@RSOS180311C22],[@RSOS180311C25],[@RSOS180311C26]\]. As heteroatoms (N, B) have a similar atomic size, and a higher electronic affinity compared with carbon atoms, the heteroatom-doped carbon layer can form a stronger interaction with the lithium ion. The introduction of a larger heteroatom (e.g. S) can change the structure of the adjacent carbon atoms, improve the large defects of the carbon network and stabilize the amorphous carbon layer structure \[[@RSOS180311C26]\]. Previous reports prove that heteroatom-doped Si--C electrodes have better electrochemical properties with stable electrical conductivity and electrical contact between electrode materials \[[@RSOS180311C21],[@RSOS180311C27]--[@RSOS180311C29]\]. These reports are based on studies at room temperature; however, research at an elevated temperature of LIBs is increasingly required, especially in electric vehicle applications. At present, few studies have examined the electrochemical performance of silicon-based anode materials at elevated temperatures \[[@RSOS180311C29]--[@RSOS180311C31]\].

In this study, N- and O-doped carbon-coated (Si\@CNO) composite is prepared with micrometre-sized silicon and waterborne polyurethane (WPU) as the starting materials using simple physical--chemical methods. The Si\@CNO electrode exhibits excellent electrochemical performance at 25 and 55°C. The other N and O heteroatoms in the carbon network during pyrolysis of the WPU with the NHCOO unit interact with the surface oxide on the Si particles through hydrogen bonding (Si--OH⋯N and Si--OH⋯O), which provides a conformal carbon-coated layer and a more stable SEI layer \[[@RSOS180311C32]\]. Moreover, N and O heteroatoms in a carbon layer could interact with lithium ions, which might be beneficial to lithium insertion.

2.. Material and methods {#s2}
========================

2.1.. Materials and experimental procedures {#s2a}
-------------------------------------------

Micrometre-sized silicon powder (approx. 5 μm, Fuzhou Sunout Energy & Material Technology Co. Ltd.) was used as received without further purification. The Si\@CNO composites were obtained through a solid--liquid method and a high-temperature cracking method. Micrometre-sized silicon powder (0.1 g) was dispersed in the ethanol solvent (20 ml) under ultrasonication for 30 min and WPU (20 g, approx. 50 wt%) was added to the previous solution. The emulsion was continuously stirred for 3 h. Next, the blend was dried in a blast oven at 100°C for about 2 h to evaporate most of the solvent. The resulting silicon--polyurethane mixture (Si--PU) was kept in a vacuum drying oven at 80°C overnight. Then, the mixture was fired in a tubular furnace at 900°C for 4 h under an argon (Ar) atmosphere. The heating rate was 5°C min^−1^. The composite Si\@CNO was taken out after cooling to room temperature under the Ar atmosphere. Finally, the sample was immersed in 5 wt% hydrofluoric acid for 1 h to resolve silicon oxide on the surface of the silicon.

The electrodes were prepared by mixing 80 wt% Si or Si\@CNO as the active materials, 10 wt% carbon black and 10 wt% sodium alginate (SA, 2.5 wt%) in deionized water (DI water). The slurry was bladed onto a copper foil, followed by vacuum drying at 90°C overnight. After rolling, the small electrode discs were punched out and weighed. The electrode discs were dried under vacuum at 80°C for 5 h before transferring them to an Ar-filled glove box for cell assembly. Li/Si or Li/Si\@CNO cells of 2025 coin type were made in the Ar-filled glove box. The electrolyte used was 1.0 M lithium hexafluorophosphate (LiPF~6~) in ethylene carbonate (EC) and diethyl carbonate (DEC) (3 : 7 wt%) with 10 wt% fluoroethylene carbonate (FEC) as an additive.

2.2.. Measurements {#s2b}
------------------

Instrumental Electrochemical Workstation (VSP, Bio-Logic SAS, France) was employed to execute cyclic voltammetry (CV) on the Si or Si\@CNO electrode with a scan rate of 0.1 mV s^−1^ from 1.5 to 0.01 V.

Charge--discharge cycle performance was tested on a Neware battery test system (CT3008). Electrochemical cycling of cells was activated at a charge--discharge of 100 mA g^−1^ and subsequently cycled at a charge--discharge of 500 mA g^−1^, with a potential ranging from 0.01 to 1.5 V.

The cells were also evaluated by electrochemical impedance spectroscopy (EIS) from 100 kHz to 10 mHz under AC stimulus with a 10 mV amplitude (VSP, Bio-Logic SAS, France).

The chemical component of the surface layer on the Si or Si\@CNO materials was analysed using X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher) using an Al Kα line as the X-ray source. The graphite peak at 284.8 eV was used as a reference for the final adjustment of the energy scale in the spectra. Powder X-ray diffraction (XRD) data were collected on a MiniFlex600 diffractometer (Rigaku, Tokyo, Japan), and a scanning electron microscope (SEM, SU8010, Hitachi, Tokyo, Japan) was used to characterize the morphology of the Si and Si\@CNO materials. A transmission electron microscope (TEM, JEM-2010, JEOL, Tokyo, Japan) was used to study the details of the micrometre-sized silicon particles coated with N- and O-doped amorphous carbon. The C, H, N and O microanalyses were recorded on an Elementar vario EL III (Langenselbold, Germany) elemental analyser. Thermogravimetric analysis (TGA) was conducted by using a PerkinElmer Diamond TG/DTA instrument (Waltham, MA) at a heating rate of 10°C min^−1^ under air. Raman spectroscopy measurement was conducted with a LabRAM HR Raman spectrometer (Horiba Scientific, Edison, NJ, USA) using a 532 nm excitation wavelength with a 50× microscope objective at a low laser incident power (0.7 mW). Raman shifts were collected in the range of 400--2000 cm^−1^.

3.. Results and discussion {#s3}
==========================

SEM was used to observe the morphology of commercial micrometre-sized Si and carbon-coated silicon (Si\@CNO) composites. The starting material Si surface feature is displayed in the SEM image in [figure 1](#RSOS180311F1){ref-type="fig"}*a*. The particle size is about 3.0--5.0 μm. When compared with [figure 1](#RSOS180311F1){ref-type="fig"}*a*, it is evident that the morphology of composites from the N- and O-doped amorphous carbon coating is quite different from that of pure Si. The carbon-coated composites demonstrate a continuous homogeneous coating layer ([figure 1](#RSOS180311F1){ref-type="fig"}*b*). The detailed morphology of the Si and Si\@CNO investigated by TEM is presented in [figure 1](#RSOS180311F1){ref-type="fig"}*c*,*d*. The related selected-area electron-diffraction (SAED) patterns ([figure 1](#RSOS180311F1){ref-type="fig"}*c*,*d*) display indistinct and fine diffraction spots that are characteristic of Si and Si\@CNO materials. The SAED patterns demonstrate that the Si samples are amorphous and the Si particles in the Si\@CNO materials are crystalline. Meanwhile, the TEM image clearly confirms that the surface of the Si particles is amorphous carbon ([figure 1](#RSOS180311F1){ref-type="fig"}*d*). The coated layer of Si\@CNO is approximately 3 nm in thickness. Figure 1.SEM micrographs of (*a*) Si and (*b*) Si\@CNO samples. (*c*) TEM image of Si materials with the corresponding SAED pattern, inset of (*c*). (*d*) TEM image exhibiting details of silicon particles coated with amorphous carbon in the Si\@CNO samples and the related SAED plot, inset of (*d*).

The XRD data confirm that the original micrometre-sized silicon particles were amorphous with no significant diffraction peak, whereas the Si\@CNO composites were in a crystalline state by cracking at high temperature in the Ar atmosphere ([figure 2](#RSOS180311F2){ref-type="fig"}*a*). The wide carbon peak at about 24° corresponds to amorphous carbon derived from pyrolysis of WPU. The series of peaks at 28.04°, 46.78° and 55.8° demonstrate the cubic crystalline nature of Si. [Figure 2](#RSOS180311F2){ref-type="fig"}*b* presents the Raman spectra of Si and Si\@CNO. The two peaks at about 501 and 940 cm^−1^ for the Si\@CNO sample indicate the crystalline nature of Si \[[@RSOS180311C33]\]. The two peaks at 1349 cm^−1^ (D band) and 1580 cm^−1^ (G band) are characteristic of the carbon material in Si\@CNO \[[@RSOS180311C34]\]. The one wide peak at 470 cm^−1^ of Si indicates that the Si sample is amorphous. This is consistent with the observations of the XRD and SAED patterns. To investigate the percentage of silicon, TGA of the Si and Si\@CNO samples is conducted at a rate of 10°C min^−1^ under an air atmosphere. The TGA curve of Si\@CNO in [figure 2](#RSOS180311F2){ref-type="fig"}*c* shows that the carbon content is 52.6 wt%. In addition, no obvious weight changes can be observed before 900°C for pure micrometre-sized Si. The elemental analyser in [figure 2](#RSOS180311F2){ref-type="fig"}*d* demonstrates that the carbon content of Si\@CNO is 52.0 wt%, which agrees well with the TGA result. Figure 2.(*a*) XRD patterns, (*b*) Raman spectra, (*c*) TGA curves under an air atmosphere and (*d*) elemental analyser of Si and Si\@CNO samples.

The XPS analysis of the Si\@CNO sample was executed to define the surface composition of the sample. From the XPS patterns of the Si and Si\@CNO samples in [figure 3](#RSOS180311F3){ref-type="fig"}*a*, the peak for 400 eV is the N~1s~ peak, which indicates that the Si\@CNO sample contains the nitrogen element. The pure silicon sample, however, does not include this element. The C~1s~ spectra for the Si\@CNO sample shown in [figure 3](#RSOS180311F3){ref-type="fig"}*b* indicate three peaks: C--N (287.5 eV), C--O (286.3 eV) and C--C (284.7 eV) \[[@RSOS180311C25],[@RSOS180311C35]\]. Additionally, by employing the elemental analyser ([figure 2](#RSOS180311F2){ref-type="fig"}*d*), the weight ratios of C, N and O in the Si\@CNO sample are defined as 52.0, 2.1 and 2.0 wt% (Si sample: O, 1.2 wt%), respectively. From the results of the analysis, the N and O elements are verified to merge into the carbon-coated layer and become covalently bonded with the carbon. Figure 3.(*a*) XPS patterns of Si and Si\@CNO, and XPS spectra of (*b*) C~1s~ and (*c*) N~1s~ for Si\@CNO.

To study the electrochemical performance of Si and Si\@CNO electrodes, 2025 coin-type cells (Li/Si or Li/Si\@CNO) were made to take a series of galvanostatic measurements at 25°C. As expected, the N- and O-doped carbon-coated Si\@CNO electrode provides superior cycling and rate performance. For the Li/Si cells, the voltage plateau is shortened and even disappears after 100 cycles ([figure 4](#RSOS180311F4){ref-type="fig"}*a*). This result presumably is due to the large volume expansion of Si and the resulting loss of contact with the current collector, which means that the Si cannot react with Li^+^ and contribute to the capacity after 100 cycles. Instead, the Li/Si\@CNO cells reveal the steady voltage profiles in the consecutive cycles ([figure 4](#RSOS180311F4){ref-type="fig"}*b*). The two electrodes both show a voltage plateau at 0.1 V for the Li--Si alloying reaction and 0.45 V for the de-alloying process, which is compatible with the behaviour of Si \[[@RSOS180311C35]\]. This leads to a large irreversible capacity loss and a low initial coulombic efficiency (CE). The Si\@CNO electrode exhibits a higher initial CE of 78.5% compared with an initial CE of 77.4% for the Si electrode. This indicates that the N- and O-doped carbon-coated layer can improve the reversible capacity during the first charge--discharge cycle by forming a stable SEI film. [Figure 4](#RSOS180311F4){ref-type="fig"}*c* shows the cycling stability and the CE plots of the Si and Si\@CNO electrodes at a charge--discharge current of 500 mA g^−1^ for 100 cycles between 0.01 and 1.5 V. The trend of cycling capacity of the two electrodes, however, is completely different. As displayed in [figure 4](#RSOS180311F4){ref-type="fig"}*c*, after 100 cycles, the capacity retentions of the Li/Si\@CNO cells and the Li/Si cells are about 70.0% and 20.4%, respectively. The reversible capacity change of the Li/Si\@CNO cells shows a decrease from 1267.2 to 887.1 mA h g^−1^, whereas the capacity of the Li/Si cells drastically fades from 1051.3 to 214.3 mA h g^−1^. The excellent electrochemical performance of the Si\@CNO electrode can be attributed to the stable N- and O-doped carbon-coated layer, which increases structural stability and electrical conductivity. The advantage of the N- and O-doped carbon-coated layer is also reflected in the remarkably improved rate capacity of the Si\@CNO composite electrode, as shown in [figure 4](#RSOS180311F4){ref-type="fig"}*d*. The rate capabilities of the Si and Si\@CNO electrodes are measured at different current densities: 100, 200, 500 and 1000 mA g^−1^. Even at 1000 mA g^−1^, the Li/Si\@CNO cells maintain an excellent capacity of 864.1 mA h g^−1^, whereas the capacity of the Li/Si cells rapidly drops to 270 mA h g^−1^. The capacity of the Li/Si\@CNO cells is restored quickly to 1155.6 mA g^−1^ when the current comes back to 100 mA g^−1^. Figure 4.Charge--discharge profiles of the cells with electrodes of (*a*) Si and (*b*) Si\@CNO at 1, 50 and 100 cycles at 25°C. (*c*) Capacity retention and coulombic efficiency curves of Si and Si\@CNO versus cycle number at 25°C. (*d*) Rate capability profiles of Si and Si\@CNO cells cycled at various current densities at 25°C.

For further LIB application research, the electrochemical performance of Si and Si\@CNO electrodes was also considered at elevated temperatures (55°C) (electronic supplementary material, figure S1). At a current density of 500 mA g^−1^, the initial discharge capacity of the Si\@CNO electrode is 1550.8 mA h g^−1^, and the discharge capacity is maintained at 665 mA h g^−1^ after 90 cycles. Although the Si electrode shows poor cycling stability, the capacity decreases from 1056 mA h g^−1^ to 148 mA h g^−1^. The capacity retention of the Li/Si\@CNO cells and the Li/Si cells is about 60.3% and 13.5%, respectively, after 90 cycles. The obvious difference in cycling stability may depend on the formation of the N- and O-doped carbon layer on the surface of Si to increase structural stability and suppress a large volume change.

CV measurements were employed to characterize the oxidation--reduction potential of the Si and Si\@CNO composite electrodes ([figure 5](#RSOS180311F5){ref-type="fig"}*a*,*b*). It is clearly seen that CV scans of the Si and Si\@CNO electrodes are virtually identical and exhibit the characteristic Si anode behaviours. In the first cathodic scan of the Si\@CNO electrode, there is a broad cathodic peak at 0.89 V, while it is not found for the Si electrode. The peak has disappeared in the second and third cathodic scans, which could be attributed to electrolyte decomposition on the surface of the carbon-coated layers (the formation process of the SEI film) \[[@RSOS180311C25]\]. Only one sharp peak at approximately 0 V is observed in the first cathodic scan representing the Li-alloying process of crystalline Si to form the amorphous Li*~x~*Si phase \[[@RSOS180311C36]\]. One additional cathodic peak appears at approximately 0.2 V in the second and third cathodic scans, which corresponds to a series of Li--Si alloy formations. In the anodic scan, two peaks located at 0.35 and 0.50 V are related to de-alloying with the Li--Si alloys, and in agreement with the works in the literature regarding silicon-based anode materials. Figure 5.First three cycles of CV plots for the (*a*) Si and (*b*) Si\@CNO electrodes between 0.01 and 1.5 V at 0.1 mV s^−1^.

To further verify the reason for the enhanced performance of the Si and Si\@CNO anode, EIS of the electrodes was evaluated after 100 cycles at the full delithiation state at 25°C ([figure 6](#RSOS180311F6){ref-type="fig"}). The semicircle in the high-frequency region reflecting the resistance of the SEI layer (*R*~SEI~) and the semicircle in the middle-frequency region corresponding to the charge-transfer resistance (*R*~ct~) both were observed for the Li/Si and Li/Si\@CNO cells \[[@RSOS180311C11],[@RSOS180311C37]\]. After 90 cycles at 55°C, the resistance values of both Si and Si\@CNO increased, and the Si\@CNO electrode exhibited less increased resistance (electronic supplementary material, figure S2). The numerical gap between the Li/Si and Li/Si\@CNO electrodes increased at 55°C. Clearly, the Li/Si cells have a larger *R*~SEI~ and *R*~ct~ than the Li/Si\@CNO cells at both 25 and 55°C. Namely, the N- and O-doped carbon-coated layer reduces the resistance values of *R*~SEI~ and *R*~ct~. These results are in keeping with the observation from the previous charge--discharge cycle performance and rate capacity. Figure 6.Electrochemical impedance patterns of Si and Si\@CNO composite electrodes discharged to 0.01 V after 100 cycles at 25°C.

4.. Conclusion {#s4}
==============

A high-capacity Si\@CNO composite material was successfully prepared by cracking a WPU carbon source. An N- and O-doped carbon-coated Si\@CNO negative electrode provides superior cycling and rate performance compared to a non-coated micrometre-sized Si electrode. This good electrochemical performance can be credited to the N and O heteroatoms binding to the surface of the Si particles and to the strong interaction between the carbon layer and the Li ion. These interrelations increase the electrical conductivity and structural stability of the Si\@CNO negative materials. In addition, the solid--liquid method and the high-temperature cracking process are simple and highly universal in existing battery fabrication technology. These results promote the practical application of Si\@CNO composite materials in the manufacture of high-performance Si-based anodes using inexpensive micrometre-sized Si particles.
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